These results indicate a nonessential role for LP B3 in normal development of mouse but show nonredundant cellular signaling mediated by a single type of S1P receptor.
Sphingosine 1-phosphate (S1P) 1 is a potent lysophospholipid mediator that exerts diverse biological effects on many types of cells and tissues. S1P is produced from activated platelets and many other cell types and affects fundamental cellular processes including proliferation, differentiation, survival, adhesion, migration, morphogenesis, and cytoskeletal rearrangement (reviewed in Refs. [1] [2] [3] [4] [5] [6] . S1P has been proposed to act both as an extracellular mediator and an intracellular second messenger. Recent progress in the identification of specific G protein-coupled receptors that can account for the extracellular effects induced by S1P has improved our understanding of the mechanisms of action of this lipid (reviewed in Refs. [1] [2] [3] [4] [5] [6] .
To date, five cognate G protein-coupled receptors have been identified as mammalian high affinity S1P receptors: LP B1 / EDG-1, LP B2 /H218/AGR16/EDG-5, LP B3 /EDG-3, LP B4 /NRG-1/ EDG-8, and LP C1 /EDG-6 (reviewed in Refs. 6 -8) . All S1P receptors belong to a larger lysophospholipid (LP) receptor subfamily, which also includes receptors for lysophosphatidic acid (LPA), a bioactive lipid that is structurally and biologically related to S1P. Each of the LP receptors couples to multiple subsets of heterotrimeric G proteins (including G q , G i/o , and G 12/13 ) and thus drives different signal transduction pathways. Also, the receptor genes are expressed in spatially and temporally different patterns in mice (9, 10) , 2 suggesting specific roles for each receptor in vivo. It was reported recently that LP B1 -null mice are embryonic lethal because of incomplete vascular maturation (11) , showing the essential role of LP B1 in mouse development. In zebrafish, a single point mutation in an lp B ortholog, mil, led to abnormal heart development (12) . To determine in vivo functions and roles of the LP B3 receptor in mammals, we have disrupted lp B3 in mice. Unexpectedly, LP B3 -null mice were viable and fertile and developed normally with no gross phenotypic abnormality, although selective loss of S1P signal transduction pathways was observed in mouse embryonic fibroblast (MEF) cells. These results continue to clarify physiological functions and roles of the LP B3 receptor in vivo.
cell culture reagents were purchased from Life Technologies, Inc. Forskolin, 3-isobutyl-1-methylxanthine, and other reagents were purchased from Sigma, unless otherwise noted.
Generation of lp B3 Mutant Mice-The isolation of an lp B3 clone from 129/SvJ mouse genomic DNA library (Stratagene, La Jolla, CA) was described previously (9) . The 0.9-kilobase (kb) short arm (an ApaI/AflII fragment upstream of the open reading frame (ORF)), the 2.3-kb ORF arm (an AflII/AflII fragment including the entire ORF) and the 2.8-kb long arm (a BglII/XhoI fragment downstream of the ORF) were cloned successively into the pFlox vector, producing the lp B3 targeting vector used in this study. The NotI-linearized targeting construct was electroporated into R1 ES cells. The targeting was completed by homologous recombination under G418 (200 g/ml)-positive selection and Cre recombinase-mediated deletion between loxP sites under gancyclovir (0.5 M)-negative selection, which produced both type I (knockout (KO))-and type II-hemizygous cells. The correct integration was confirmed by Southern blot analysis using probes both inside (probe B) and outside (probe A) of the recombination site. A single type I ES clone was injected into C57BL/6N blastocysts to produce chimeric male mice, which were crossed with C57BL/6N females to obtain agouti lp B3 -heterozygous pups. All mice analyzed were obtained from intercrosses between their progenies and C57BL/6N females. Histological analyses were done on the progenies on a purer C57BL/6N background (backcrossed 3-5 generations). Mice were housed in an air-conditioned room kept on a 12-h dark/light cycle and fed standard dry rodent food pellets ad libitum. All animal protocols used in this study have been approved by the Animal Subjects Committee at the University of California, San Diego, and conform to National Institutes of Health guidelines and public laws.
lp B3 genotyping was done by Southern analysis and polymerase chain reaction (PCR) using tail genomic DNA as a template and the three primers: primer 1 (5Ј-CACAGCAAGCAGACCTCCAGA-3Ј), primer 2 (5Ј-TGGTGTGCGGCTGTCTAGTCAA-3Ј), and primer 3 (5Ј-A-TCGATACCGTCGATCGACCT-3Ј). The PCR condition was 35 cycles of 94°C for 30 s, 56°C for 1 min, and 72°C for 1 min.
Northern Blot Analysis-Mouse tissue was quickly removed and homogenized in the Trizol reagent with the Tissue Tearor (Biospec Products, Bartlesville, OK). Total RNA was isolated following Life Technologies' instructions, and 20 g of each RNA was analyzed as described previously (14) . Specific probes used were the ORF sequences for mouse lp B1-B4 and lp C1 cDNA. lp B1-B3 were isolated as described previously (9) . lp B4 3 (GenBank TM accession number AF327535) and lp C1 cDNA 2 were isolated from 129/SvJ mouse genomic DNA library and Swiss/Webster-NIH cDNA library (CLONTECH), respectively. The blot was also hybridized with a mouse housekeeping glyceraldehyde-3-phosphate dehydrogenase gene as a loading control.
Western Blot Analysis-Mouse tissue was quickly removed and homogenized by 100 strokes of the Tissue Grind Pestle (Kontes Glass Company, Vineland, NJ) in buffer (Tris-Cl (pH 7.6), 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 ϫ Protease Inhibitor Cocktail Set I (Calbiochem)). The homogenate was centrifuged at 1,000 ϫ g for 5 min at 4°C, and the supernatant was further centrifuged at 15,000 ϫ g for 20 min at 4°C to precipitate crude membrane fraction. This fraction was solubilized in the sample buffer (60 mM Tris-Cl (pH 6.8), 6% (v/v) glycerol, 1.7% SDS, 100 mM dithiothreitol), sonicated for 5 min in the water bath-type ultrasonicator (FS3 Ultrasonic Cleaning System; Fisher), separated on a 10% SDS-polyacrylamide gel, and transferred to the Protran nitrocellulose membranes (Schleicher & Schuell). Because heat denaturation in the SDS-containing sample buffer before gel fractionation diminished the bands specific to the wild-type samples, the loaded sample was sonicated but not heated for complete denaturation. The LP B3 protein was detected with anti-LP B3 antibodies directed against carboxyl or amino terminus using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) and ECL Plus detection system (Amersham Pharmacia Biotech).
Histological Analysis-lp B3 -heterozygous males and females were bred to obtain all three genotypes, wild-type (lp B3 ϩ/ϩ ), heterozygous (lp B3 ϩ/Ϫ ), and knockout (lp B3 Ϫ/Ϫ ), within the litters, and these littermates were analyzed comparatively at three developmental stages (10 days, 4 weeks, and 8 weeks). The mice were anesthetized with Nembutal sodium solution (0.75 mg/g body weight) (Abbott). Anesthetized mice were perfused through the heart with 0.9% NaCl, followed by 4% paraformaldehyde in phosphate-buffered saline. Each tissue was dissected out, postfixed overnight in 4% paraformaldehyde in phosphatebuffered saline at 4°C, and processed for paraffin embedding. Parasagittal sections (5 m) were cut, processed, and stained with hematoxylin and eosin according to standard protocols.
In Situ Hybridization-lp B3 -heterozygous male and female were bred to obtain both wild-type and knockout littermates. Pregnant female was sacrificed by cervical dislocation, and embryonic day 14 (E14) embryos were removed, rapidly frozen in the Tissue-Teck optimal cutting temperature compound (Miles, Elkhart, IN), and stored at Ϫ80°C until sectioned. Digoxigenin-labeled riboprobes were transcribed in the sense and antisense orientations from linearized plasmids containing the entire mouse lp B3 ORF. Parasagittal cryostat sections (20 m) were cut, and adjacent sections were hybridized with either sense or antisense riboprobes and processed as described previously (15, 16) .
Preparation of MEF Cells-MEF cells were prepared from E14 embryos generated by the wild-type or knockout intercrosses. Briefly, the heads and internal viscera were removed, and the carcasses were finely minced with scissors and digested by incubation in 0.05% trypsin, 0.53 mM EDTA solution for 30 min at 37°C with gentle agitation. Trypsin was inactivated by adding the culture medium (Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (Hyclone, Logan, UT) and antibiotics), and the cells were filtrated through a 70-m cell strainer (Becton Dickinson Labware, Franklin Lakes, NJ) and seeded onto tissue culture dishes. MEF cells were maintained as a monolayer culture on tissue culture dishes in the culture medium, and cells from the second to third passages were used.
Construction of Retrovirus Vectors and Production of Retrovirus Supernatants-The entire ORF of each receptor was cloned into the pFLAG-CMV-1 mammalian expression vector (Eastman Kodak Co.) for introducing preprotrypsin leader/FLAG tag sequences into an extracellular amino terminus of each receptor. This procedure enabled higher expression levels of the receptors in the plasma membrane and immunochemical detection of the receptors (data not shown; see Ref. 14) . Next, all coding sequences were cloned into the retrovirus vector, LZRSpBMN-linker-IRES-EGFP, and inserts of the construct were confirmed by sequencing. The internal ribosome entry site sequence in the retroviral vector permitted concomitant expression of the receptor gene and enhanced green fluorescent protein (EGFP) gene from a single transcript driven by a 5Ј-long terminal repeat promoter, allowing identification of infected (living and fixed) cells by fluorescence microscopy. High titer, helper-free retrovirus supernatant was prepared using the Phoenix producer cell lines as described (14) .
Retrovirus Infection-Viral supernatant supplemented with 5 g/ml hexadimethrine bromide was added to MEF cells on multiwell dishes, and the dishes were centrifuged (700 ϫ g) at 32°C for 1 h (14) . The cells were cultured for 24 h, incubated in serum-free medium for another 24 h, and then used for each experiment. Receptor gene and protein expression were confirmed by Northern blot analysis and immunostaining using anti-FLAG antibody, respectively (data not shown; refer to Ref. 14) . By counting the numbers of cells with EGFP fluorescence (infected cell numbers) and cells with 4Ј,6-diamidino-2-phenylindole fluorescence (total cell numbers) on fixed samples, an effective infection in MEF cells of Ͼ50% of total cells was confirmed. Infection was routinely confirmed by EGFP fluorescence from the living cells (14) .
Phospholipase C (PLC) Assay-MEF cells on 12-well dishes were prelabeled with [ 3 H]inositol (2 Ci/well) in inositol-free, serum-free Dulbecco's modified Eagle's medium for 24 h. The cells were then incubated for 30 min in Hepes/Tyrode's/bovine serum albumin buffer (17) containing 10 mM LiCl and stimulated with S1P or LPA. After a 20-min incubation, the reaction was terminated by aspirating the buffer and adding 500 l of ice-cold 0.4 M HClO 4 . Radioactivity in the inositol phosphate (IP 1 ϩ IP 2 ϩ IP 3 ) fractions of the samples was examined as described previously (14, 17) . The activity was expressed as the -fold induction above a basal level.
Measurement of Intracellular cAMP Contents-cAMP contents were measured with the cAMP enzyme immunoassay system (Amersham Pharmacia Biotech) following the manufacturer's instructions. MEF cells on 24-well dishes were preincubated in Hepes/Tyrode's/bovine serum albumin buffer containing 0.5 mM 3-isobutyl-1-methylxanthine for 20 min. The cells were then stimulated for 20 min with or without 1 M forskolin in the presence or absence of various concentrations of S1P. The reaction was terminated by aspirating the buffer and adding 500 l of the lysis reagent 1B (as per Amersham Pharmacia Biotech instructions). After a 20-min extraction, 100 l of the supernatant was collected for cAMP determination. The activity was expressed as a percentage of forskolin (1 M)-induced cAMP accumulation.
Determination of Rho and Rac Activation-MEF cells on 10-cm dishes were incubated for 10 min in Hepes/Tyrode's/bovine serum albumin buffer and then stimulated with S1P. The reaction was terminated by washing the cells with ice-cold phosphate-buffered saline and 3 A. H. Yang and J. Chun, unpublished observations. lysing in 600 l of the lysis buffer (50 mM Tris-Cl (pH 7.6), 1% (w/v) Triton X-100, 500 mM NaCl, 10 mM MgCl 2 , 10 g/ml each of leupeptin and aprotinin, and 1 mM phenylmethylsulfonyl fluoride). Cell lysates were centrifuged at 13,000 ϫ g at 4°C for 10 min, and equal volumes of supernatants were incubated with rhotekin Rho binding domain (for Rho activity) or PAK-1 p21-binding domain (for Rac activity) agarose beads at 4°C for 45 min. The beads were washed four times with the washing buffer (0.1% (w/v) Triton X-100, 150 mM NaCl, 10 mM MgCl 2 , 10 g/ml each of leupeptin and aprotinin, and 0.1 mM phenylmethylsulfonyl fluoride). Bead-bound, GTP-bound active forms of Rho and Rac proteins were specifically detected by Western blot analysis using antiRho A (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and anti-Rac 1 (Transduction Laboratories, Lexington, KY) monoclonal antibodies. Rho proteins in 5% and Rac proteins in 1% of the cell lysates were also detected as references.
Data Representation-Data are the means Ϯ S.E. of triplicate samples from a single experiment that was representative of 2-3 experiments that gave similar results. Statistical analysis was done by Student's t test or 2 test (only in Table I ), and the difference at p Ͻ 0.05 was considered to be statistically significant. B3 in Mice-To examine wild-type expression patterns of each of the five S1P receptor genes in C57BL/6N mice, total RNA from 8-week-old female tissues (except male testis) was analyzed by Northern blot using mouse ORF probes (Fig. 1) . The lp B1-B3 expression pattern in brain, heart, lung, thymus, liver, kidney, and spleen, was consistent with our previous results obtained from analyses of adult BALB/c mice (9) . Also, we analyzed the expression of these genes in adipose tissues (both white and brown), back skin, and sex organs (uterus and testis). Each lp B1-B3 was expressed to various degrees in all tissues examined with the exception of liver, where no detectable lp B3 expression was found. In contrast, the expression of lp B4 and lp C1 was more specific. lp B4 was expressed at detectable levels only in brain and skin among the tissues we analyzed, while lp C1 was expressed only in lung, thymus, and spleen.
RESULTS

Expression of lp
To determine lp B3 expression during embryonic development, we used in situ hybridization on E14 embryos (Fig. 2) . Antisense probes detected high lp B3 expression in lung, kidney, intestine, diaphragm, submandibular gland, olfactory epithelium, choroid plexus, the cartilage primordium of ribs and clavicle, and the presumptive cartilaginous regions of lips (lower and upper) and snout regions but, as we found with adults, not in liver ( Fig. 2A) . The corresponding sense strand probe was used as a negative control and did not show any specific labeling (Fig. 2B) . The different levels of lp B3 expression found when comparing the Northern blot versus the in situ hybridization results might reflect changing expression levels during mouse development; note lp B3 expression level in embryonic heart (low) versus expression level in 8-week-old adult heart (high).
Generation of LP B3 -null Mice-The genomic structure of lp B3 consists of two exons, with the entire ORF encoded in the second exon (Fig. 3A and data not shown) . The entire ORF was deleted in R1 ES cells using the Cre-loxP system (13) , which allows for the removal of selectable enzyme marker genes and their associated constitutive promotors (this is the constitutive "type I" deletion) (Fig. 3A) . In a similar manner, we also produced ES cells with the conditional "type II" deletion, in which the ORF is flanked by loxP sites (Fig. 3A) . Only the type I ES cells (Fig. 3B, left) were injected into blastocysts, and a series of mice with mutated alleles (lp B3 ϩ/Ϫ or lp B3 Ϫ/Ϫ ) was established (Fig. 3, B (right) and C) . The complete absence of lp B3 transcripts in the knockout mice was confirmed both by Northern blot analysis on adult tissues in which lp B3 is normally expressed: brain, heart, and lung (Fig. 3D) and in situ hybridization on E14 embryos (Fig. 2C) . There was moderate lp B3 expression in heterozygous tissues (Fig. 3D) . In most of those tissues, the other S1P receptor genes (lp B1 , lp B2 , lp B4 , and lp C1 ) and an LPA receptor gene (lp A1 ) were also expressed. LP B3 deficiency appeared to lead to compensatory increases in lp B2 expression levels in brain and heart but not in lung, uterus, or testis, whereas no compensatory increases were found in the other gene expression levels ( Fig. 3D and data not shown) . LP B2 protein expression could not be addressed in those tissues because specific anti-LP B2 antibodies to detect mouse LP B2 protein are not available. The complete absence of LP B3 protein in the knockout mice was confirmed by Western blot analysis on the crude membrane fractions isolated from heart and lung (Fig. 3E) . Both anti-LP B3 antibodies (directed against either the carboxyl or amino terminus) detected a ϳ50-kDa protein in the wild-type but not in knockout mouse tissues. The molecular weight of the LP B3 protein estimated from mouse lp B3 sequences is 42.3 kDa. The difference between our results and the estimated molecular weights may result from the sample not being heated for denaturation before gel fractionation (see "Experimental Procedures") and might explain the slower migration of the receptor protein. In addition, the size difference may reflect possible posttranslational modification of the receptor protein such as extracellular amino terminus glycosylation and intracellular carboxyl terminus palmitoylation (9) .
No Gross Phenotypic Abnormality in LP B3 -null Mice-LP B3 -null mice were generally obtained at the expected Mendelian frequency and without sexual bias ( 2 test; Table I ). Homozygous-null matings produced LP B3 -null pups, although the av- and mouse tails prepared from pups generated by crossing heterozygotes (Het). C, PCR genotyping of each mouse tail DNA to detect the wildtype, heterozygous, and knockout alleles (PCR product sizes: 309 and 207 base pairs, respectively). D, Northern blot analysis of RNA from brain, heart, and lung isolated from adult wild-type, heterozygous, and knockout male littermates. The probes used are indicated to the right. Ribosomal 28 S RNA was stained with ethidium bromide as a loading control. E, Western blot analysis of crude membrane fraction samples from heart and lung tissues of wild-type and knockout mice. Both anti-LP B3 carboxyl and amino terminus (C and N terminus, respectively) monoclonal antibodies detect a ϳ50-kDa protein specific to the wild-type samples.
erage litter size was modestly but significantly smaller (p Ͻ 0.01) than the size from the crosses between heterozygous males and wild-type females (5.6 versus 7.5 pups per litter). Knockout mice did not differ from the wild-type or heterozygous littermates in overall health, body weight, fertility, or longevity (through at least 18 months). During embryonic stages, the knockout mice were indistinguishable from their wild-type littermates (data now shown). Routine histology that examined tissues from mice of age 10 days, 4 weeks, and 8 weeks (brain, heart, lung, thymus, liver, kidney, spleen, adipose tissues, skin, muscle, stomach, intestine, uterus, and testis) revealed no obvious abnormality (data not shown). Also, routine hematology including erythrocyte, leukocyte, and platelet counts; neutrophil, lympohocyte, monocyte, and eosinophil proportions; and glucose, cholesterol, and triglyceride serum levels as well as lipase activity failed to detect any abnormalities or differences in the knockout versus wild-type mice (data not shown). Despite lp B3 expression in adult skin (Fig. 1) , the knockout mice were indistinguishable from their wild-type littermates in thickness of epidermal layers and numbers of hair follicles (data not shown). S1P Receptor Expression in MEF Cells-To determine the contribution of lp B3 to S1P signaling, we utilized MEF cells derived from E14 embryos to analyze S1P-induced signal transduction pathways. Wild-type MEF cells expressed lp B1 , lp B2 , and lp B3 but neither lp B4 nor lp C1 at levels detectable by Northern blot analysis (Fig. 4) . As expected, LP B3 -null MEF cells lacked lp B3 expression. LP B3 deficiency did not lead to compensatory increases in the expression of other S1P receptor genes in the knockout MEF cells (Fig. 4) . In various cell systems, LP B1 receptor has been shown to couple only to PTX-sensitive G i/o proteins. In contrast, both LP B2 and LP B3 receptor have been shown to couple to G q , G i/o , and G 12/13 proteins (reviewed in Refs. 6 and 8). Therefore, we analyzed S1P induction of downstream events activated by these types of G proteins including PLC activation, inhibition of adenylyl cyclase activation, and Rho activation.
Significant Decrease in S1P-induced PLC Activation in LP B3 -null MEF Cells-MEF cells prelabeled with [
3 H]inositol were stimulated with various concentrations of S1P for 20 min, and the radioactivity in inositol phosphate fractions was measured. S1P activated PLC in the wild-type cells in a concentration-dependent manner, giving a marked stimulation at concentrations between 0.1 and 10 M (Fig. 5A, left) . In contrast, S1P treatment led to only modest PLC activation in LP B3 -null MEF cells, inducing 15-20% of the response achieved in the wildtype cells at concentrations up to 10 M. MEF cells also express at least two LPA receptor genes, lp A1 and lp A2 , 4 which encode proteins shown to respond to LPA with activation of PLC in various cell systems (14, 18) . Wild-type MEF cells were highly responsive to LPA, and LPA-induced PLC activation was comparable in the wild-type and knockout cells (Fig. 5A, right) , demonstrating that lipid receptor coupling to PLC is not generally impaired. S1P-induced PLC activation in the wild-type cells was partially sensitive to PTX pretreatment (Fig. 5B, left) , suggesting the involvement of both PTX-sensitive and insensitive proteins. In LP B3 -null MEF cells, however, the residual, small S1P-induced PLC activation was fully inhibited by PTX pretreatment, indicating that it was mediated through a G i/o pathway (Fig. 5B, right) .
To ascertain whether the decreased responses in the knockout cells were a direct result of the LP B3 deficiency as opposed to nonspecific effects secondary to gene targeting or MEF cell preparation, functional LP B3 and other S1P receptors were exogenously expressed in the knockout MEF cells using the retrovirus-mediated system (14, 19) (Fig. 5C) . Introduction of lp B3 into LP B3 -null MEF cells led to a marked increase (ϳ10-fold increase versus cells infected with control virus) in S1P-stimulated PLC activation, which was not inhibited by PTX pretreatment (Fig. 5C) . Introduction of lp B1 caused a doubling 4 I. Ishii and J. Chun, unpublished observations. Tissue RNA isolated from an adult C57BL/6N female was used as a positive control (heart RNA for lp B1-B3 , brain RNA for lp B4 , and lung RNA for lp C1 ). As loading controls, ribosomal 28 S RNA was stained with ethidium bromide, and the blot was probed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
of the S1P response, and this was completely inhibited by PTX pretreatment (Fig. 5C) . None of the other S1P receptors including LP B2 restored the responses to S1P in MEF cells. In contrast, retroviral expression of lp B2 in B103 rat neuroblastoma cells resulted in the enhancement of S1P (1 M)-induced PLC response (6.4-fold induction in infected cells versus 4.9-fold induction in control cells), suggesting that LP B2 can activate PLC in other cell systems. These results indicate that, at least in MEF cells, LP B3 is the primary receptor involved in PTXinsensitive, S1P-induced PLC activation.
Slight Decrease in S1P-induced cAMP Inhibition in LP B3 -null MEF Cells-In wild-type MEF cells, S1P did not change the basal cAMP level (data not shown) but greatly inhibited the forskolin (1 M)-induced cAMP accumulation in a concentrationdependent manner (Fig. 6A, top) . The inhibitory effect was observed at concentrations as low as a 0.1 nM, reaching ϳ75% inhibition at 10 M. This effect was completely blocked by PTX pretreatment. In LP B3 -null MEF cells, S1P still inhibited cAMP accumulation, although the concentration-response curve was slightly right-shifted (Fig. 6A, bottom) . As in the wild-type cells, this inhibition was completely blocked by PTX pretreatment. These findings suggest that the LP B3 receptor can mediate G i/o -mediated inhibition of cAMP accumulation, but that other receptors provide the major activation of this pathway. To support our findings from receptor overexpression studies, retroviruses were used to express each receptor in LP B3 -null MEF cells. The expression of lp B1 , lp B3 , or lp B4 shifted the S1P-induced inhibitory curve to lower concentrations (Fig. 6B) . The expression of lp B2 did not cause significant alterations. In contrast, the expression of lp C1 led to robust increases in cAMP accumulation at lower concentrations (1-100 nM), which was reversed at higher concentrations. All these results suggest that LP B1 , LP B3 , and LP B4 induce adenylyl cyclase inhibition while LP C1 induces adenylyl cyclase activation in the presence of forskolin. Because endogenous lp B4 was not expressed at detectable levels in MEF cells, LP B1 may be the primary receptor mediating inhibitory actions of S1P, with LP B3 playing a minor role.
No Significant Difference in S1P-induced Rho Activation in
FIG. 5. S1P-induced inositol phosphate production in MEF cells. MEF cells prelabeled with [
3 H]inositol were stimulated with S1P or LPA for 20 min, and the radioactivity in inositol phosphate fraction of the cell extract was determined. A, S1P-and LPA-induced inositol phosphate production in wild-type and knockout MEF cells. WT, wildtype; KO, knockout. B, S1P-induced inositol phosphate production in PTX (100 ng/ml, 24 h)-treated and untreated cells. C, S1P-induced inositol phosphate production in the knockout MEF cells infected with each of the S1P receptor-expressing retroviruses. The activity is expressed as -fold induction above control levels. Data shown are the means Ϯ S.E. of triplicate samples from the representative experiment. S.E. bars are not shown when bars are smaller than the size of the data points. MEF Cells-S1P-induced activation of the small GTPases, Rho and Rac, was assayed in MEF cells (Fig. 7) . At 3 min after S1P stimulation of the cells, the "active" GTP-bound forms of Rho and Rac proteins were selectively collected using affinity precipitation with rhotekin Rho binding domain and PAK-1 p21-binding domain beads, respectively (see "Experimental Procedures"). Total Rho and Rac proteins were analyzed as references. S1P activated Rho but not Rac in the wild-type MEF cells. Rac activation was not observed at 1, 3, 5, and 15 min after S1P (1 M) stimulation (data not shown). However, Rac activation was observed at 5 min after platelet-derived growth factor (50 ng/ml) stimulation or cell lysate in vitro incubation (15 min at 30°C) with GTP␥S (100 M) and EDTA (10 mM) (Fig. 7) . Rho activation was not inhibited by PTX pretreatment (data not shown). A similar response was also observed in LP B3 -null MEF cells (Fig. 7) , suggesting that LP B3 is not the primary receptor subtype involved in S1P-induced Rho activation in MEF cells.
DISCUSSION
Molecular identification of mammalian S1P receptors (9, 20 -24) has furthered our understanding of the versatility of this simple lipid. These receptors belong to the mammalian LP receptor subfamily of G protein-coupled receptors, which includes five S1P receptors and three LPA receptors (LP A1-A3 ) (reviewed in Refs. 4, 6, and 8) . The existence of multiple receptors for a single ligand suggests distinct receptor functions in vivo, and this view has been supported by the different phenotypes of mice null for a single S1P receptor (11) or LPA receptor (25) . Whether LP receptors within S1P or LPA receptor subgroups produce related phenotypes when genetically deleted is uncertain, providing a major rationale for the current study.
A wealth of in vitro work has implicated LP B3 as essential for S1P-induced cellular responses that include proliferation (26, 27) , migration (26, 28, 29) , survival (27, 30) , and morphogenesis (30, 31) . In particular, antisense-mediated down-regulation of LP B1 and LP B3 signaling in human umbilical vein supported their requirement for endothelial cell assembly to form capillary-like networks preceding angiogenesis (31) , as well as for endothelial cell migration (32) . Along these lines, genetic deletion of LP B1 produced embryonic lethality associated with some aspects of the vascular system (11) .
In sharp contrast, results from the present study of LP B3 -null mice failed to identify functional, anatomical, histological, or hematological defects that might have been expected based on the prior in vitro studies or the deletion of LP B1 . A slight but statistically significant difference was observed in the average litter size from homozygous intercrosses that produced smaller litters than the crosses between heterozygous males and wildtype females (Table I) ; the reason for this difference is not known. It was somewhat surprising that a more pronounced defect was not observed in reproductive tissues in view of normally high lp B3 expression (Fig. 1) and prior work implicating S1P in testis and oocyte function (33, 34) . However, reproductive tissues in LP B3 -null mice appeared to be histologically and functionally normal. A simple explanation for this phenotype could be compensation by other LP receptors, which necessitated their examination in this study. Both lp B1 and lp B2 genes were expressed throughout many tissues, similar to lp B3 (Fig. 1) . Previous receptor overexpression experiments have indicated that LP B2 resembles LP B3 in coupling to G q , G i/o , and G 13 (35) and mediates S1P-induced PLC activation, adenylyl cyclase activation, cell rounding, proliferation, and suppression of apoptosis (27, 28, 30, 36) . Possible compensatory overexpresion of lp B2 was observed in brain and heart of LP B3 -null mice (Fig. 3D) , which might rescue the loss of LP B3 functions in those tissues.
The phenotype found in LP B3 -null mice demonstrates that LP B3 is not required for normal organismal development and function and contrasts with the phenotype of LP B1 -null mice. Deletion of LP B3 additionally provided the opportunity to examine its role in S1P signaling using primary cells rather than cell lines; this approach revealed several significant differences compared with prior studies. MEF cells prepared from developing embryos expressed lp B1 , lp B2 , and lp B3 but neither lp B4 nor lp C1 (Fig. 4) and were highly responsive to S1P in PLC activation, inhibition of cAMP accumulation, and Rho activation (Figs. 5-7) . A comparison between the wild-type and knockout MEF cells was used to clarify LP B3 involvement in each of the S1P-induced signaling pathways in native cells, which it has not been possible to address previously. No compensatory overexpression of the other S1P genes was observed in the LP B3 -null MEF cells (Fig. 4) , providing the further opportunity to rescue (for LP B3 ) or overexpress various receptors in native cells by retroviral transduction (14) , followed by analyses of affected signaling pathways.
Previous overexpression studies have indicated that LP B3 mediates S1P-induced PLC activation via both PTX-insensitive and -sensitive pathways (28, 37, 38) . The present study indicates that LP B3 is predominantly involved in S1P-induced PLC activation through PTX-insensitive G proteins in primary cultures of MEF cells. LP B1 appears to mediate a minor component of PLC activation through a G i/o pathway, since the PLC response that remains in the LP B3 -null MEF cells was fully PTX-sensitive. LP B1 -overexpressing Chinese hamster ovary cells have been previously shown to induce PTX-sensitive PLC activation (21, 37) . Several studies reported that S1P-induced PLC activation occurs through LP B2 (37) (38) (39) (40) and LP C1 (41) but not LP B4 (42) . None of these receptors could be shown to participate in S1P-induced PLC activation in the present study using MEF cells.
LP B3 was also partially involved in the inhibition of adenylyl cyclase activation via a PTX-sensitive G i/o -mediated pathway; however, the LP B1 -mediated pathway appears to be dominant. LP B3 has been reported as both an activator (28, 39) and inhibitor (37) of adenylyl cyclase systems. In LP B3 -null MEF cells, S1P did not increase the basal cAMP levels, whereas infection with LP B3 -expressing virus could produce S1P-induced increase in basal cAMP levels (ϳ2-fold at 1 M; data not shown). This suggests that the LP B3 receptor can activate adenylyl cyclase when overexpressed but not in native cells. Overexpression of LP B1 and LP B4 caused adenylyl cyclase in- FIG. 7 . S1P-induced Rho and Rac activation in MEF cells. Wildtype (WT) and knockout (KO) MEF cells were stimulated with 1 M of S1P for 3 min, and the cell lysate was used for affinity precipitation to pull down activated forms of Rho and Rac. As positive controls for the Rac assay, both wild-type MEF cells were stimulated with 50 ng/ml platelet-derived growth factor (PDGF) for 5 min, and wild-type MEF cell lysate was incubated with GTP␥S (100 M) and EDTA (10 mM) for 15 min. Portions of total cell lysate (5 and 1% for Rho and Rac, respectively) were used to determine Rho and Rac levels. Samples were separated on 15% SDS-polyacrylamide gels and analyzed by Western blot analysis using anti-Rho A and anti-Rac 1 antibodies. Data are representative from three independent experiments. hibition, consistent with previous reports (21, 23, 28, 42) . A striking result in the analysis of MEF cells was the marked adenylyl cyclase activation by LP C1 expression. This receptor has been previously shown to induce intracellular calcium mobilization and activate PLC and mitogen-activated protein kinase, all via PTX-sensitive G i/o -mediated pathways (41, 43) . The biological significance of this result is unclear, but its occurrence in primary cells suggests that LP C1 may function in this manner under some in vivo circumstances.
In previous receptor overexpression studies in Chinese hamster ovary cells, Okamoto et al. (29) reported that LP B3 mediated S1P-induced Rho and Rac activation, whereas LP B1 mediated only Rac activation and LP B2 mediated only Rho activation. In a similar Chinese hamster ovary system, Paik et al. (32) reported that both LP B1 and LP B3 mediated S1P-induced activation of both Rho and Rac. Analyses of Rho activation in LP B3 -null MEF cells showed that S1P activated Rho to an extent similar to wild-type cells. Since Rho activation in wild-type cells was PTX-insensitive and LP B1 involves PTXsensitive pathway(s), LP B2 appears to be the major receptor for Rho activation in MEF cells. Rac activation, induced by S1P, was also reported in wild-type MEF cells but not in LP B1 -null MEF cells (11) . This contrasts with our results in which we found MEF cells to be highly responsive to S1P in Rho activation but not in Rac activation. The reason for this difference is unclear, but it may reflect variables associated with MEF cell preparations or cell growth conditions.
It is clear from the present study that the deletion of individual LP receptors can produce remarkably different phenotypes as assessed in mice. A previous study on the deletion of LP B1 demonstrated embryonic lethality associated with altered S1P signaling properties (Rac activation and chemotaxis) in primary cultures of MEF cells (11) . By contrast, no obvious phenotypic abnormalities in the LP B3 -null mice have been identified, but a strong influence was observed on PLC activation. Our data demonstrate selective attributes for individual S1P receptors in both phenotypic influences and activated signaling pathways. Further studies in which mutant mice are challenged may reveal other roles not apparent in the present studies of the basal state. Viability of these LP B3 -nulls raises the possibility of future analyses in which more than one LP receptor is genetically deleted.
